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We investigated whether interleukin-1 (IL-l) activity in the rat hypothalamus was increased by immobilization stress (IS), and whether pretreatment with an interleukin-1 receptor antagonist (IL-1Ra) is capable of inhibiting IS-induced elevations of hypothalamic norepinephrine (NE), dopamine (DA), and serotonin (5-HT) and the levels of their metabolites as well as of plasma adrenocorticotropic hormone (ACTH). IL-1 activity was estimated with a bioassay using mouse thymocyte proliferation in the presence of concanavalin A. IL-1 Ra was administered directly into the anterior hypothalamus, and monoamines were determined using a microdialysis technique and an HPLC system. First, we found that levels of IL-1 activity in the rat hypothalamus reached a maximum at 60 min after starting IS. Second, IL1Ra (2 pg) significantly inhibited IS-induced increases in hypothalamic NE, DA, and 5-HT levels as well as the levels of their metabolites.
In addition, IL-1Ra (2 Pg) also inhibited the IS-induced elevation of plasma ACTH levels. Third, timing effects of IL-1Ra administration on the IS-induced monoamines or ACTH responses were examined. IL-1 Ra (2 Pg) administered at 5 or 60 min before the start of IS, but not at 5 or 60 min after IS had been started, exerted inhibitory effects on these responses, indicating that the effects of IL-1 occurred within 5 min after the initiation of IS. In summary, these results suggest that IS enhances biologically active IL-1 in the hypothalamus, and that hypothalamic IL-1 plays a role in the regulation of IS-induced responses including elevated monoamine release in the hypothalamus and activation of the hypothalamo-pituitary-adrenal axis. Moreover, since 5 min is too short a time for IS to induce production of IL-l, IS may augment the effects of preexisting IL-1 in the hypothalamus.
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It has been observed that various forms of physical stress elicit activation of the hypothalamo-pituitary-adrenal (HPA) axis and increase the release of monoamines in the brain (Johnson et al., 1992) . Several studies have shown that interleukin-1 (IL-l) administered systemically stimulates secretion of corticotropin-releasing hormone (CRH) (Berkenbosch et al., 1987; Sapolsky et al., 1987) , and activates the HPA axis (Barbanel et al., 1990; Berkenbosch et al., 1991; Besedovsky et al., 1991) . On the other hand, we previously used in vivo brain microdialysis and a highperformance liquid chromatography electrochemical detection system to demonstrate that human recombinant IL-1 B (hrIL-1 p), which had been administered directly into the rat anterior hypothalamus, facilitated release of norepinephrine (NE), dopamine (DA), and serotonin (5HT) as well as their metabolites, 4-hydroxy-3-methoxyphenylglycol (MHPG), 3,4-dihydroxyphenylacetic acid (DOPAC), 4-hydroxy-3-methoxyphenylacetic acid (HVA), and 5-hydroxyindole-3-acetic acid (5HIAA) (Shintani et al., 1993) .
These reports suggest that IL-l plays a role in stress-induced central responses including both activation of the HPA axis and elevated monoamine release. In fact, it has been suggested that the physiological and behavioral changes caused by restraint stress can be mimicked by the administration of IL-l (Dunn et al., 1991) . A recent study showed that IL-IB mRNA in the rat hypothalamus is induced by acute immobilization stress (IS) during periods ranging from 60 to 120 min (Minami et al., 1991) .
However, it has not been clarified whether biologically active IL-1 is generated in the brain by IS, or whether IL-l is essential for inducing such acute stress responses. In order to assess this possibility, we examined whether acute IS enhances the levels of IL-l activity in the rat hypothalamus. In addition, to examine the role of hypothalamic IL-l in IS-induced neurohormonal changes, we designed experiments involving the administration of interleukin-1 receptor antagonist (IL-1 Ra) directly into the rat anterior hypothalamus. IL-1Ra is known to have the same molecular size as mature interleukin-1, and to competitively block the type I IL-l receptor (Dinarello et al., 1981; Seckinger and Dayer, 1987; Eisenberg et al., 1990; Dinarello, 1991; Dinarello and Wolff, 1993) . We therefore investigated whether elevated monoamine release in the rat hypothalamus and increased plasma adrenocorticotropic hormone (ACTH), in response to IS, are inhibited by IL-1Ra. Moreover, we administered IL-1Ra at different times in this model to detect at which time points IL-l was exerting its effects.
Materials and Methods
Materials. IL-IRa (endotoxin levels below 100 fg/ng of IL-1Ra) was kindly provided by Dr. Robert C. Thompson of Synergen, Inc. (Boulder, CO) . Bioactivity of IL-1Ra is shown in a previous report (Wakabayashi et al:, 1991 Animals. Seven-week-old male Sprague-Dawley rats and 4-week-old male C3H/HeJ mice were housed in a temperature-controlled room (23-25°C) under a 12 hr reversed light-dark schedule for 1-2 weeks. Food and water were provided ad libitum at all times. Eight-or nine-weekold rats and 5-or 6-week-old mice were used for the experiments. The experiments conform to the standards put forth in the Handbook for the Use of Animals In Neuroscience Research. Zmmobilization stress. In experiments designed to measure the levels of hypothalamic IL-1, rats were immobilized by placing them in plastic restrainers (6 X 6 cm internal scale). In a series of experiments aimed at determining'the levels of hypothalamic monoamines and plasma ACTH, rats were immobilized by taping their paws because of technical difficulties in handling the animals with the use of plastic restrainers. In order to avoid circadian rhythm problems, only 4-8 rats were immobilized each day during a fixed time period, from 10:00 to 12:O0.
IL-1 assay. After the rats had been subjected to the IS for designated periods, they were lightly anesthetized with diethyl ether, and the hypothalamus was dissected stereotaxically by cutting the brain on icechilled sterilized glass boards, at the optic chiasma rostrally, at 2.5 mm from the midline-laterally, at 3 mm from the optic chiasma caudally, and at 2.5 mm from the base of the brain dorsallv. Cubic blocks of the hypothalamus were immediately put into 250 pi of RPM1 164O--containing homogenization tubes, and gently homogenized in ice. Each tube was centrifuged (10,000 X g, 10 min, 4"C), and the supernatant was aliquotted into plastic tubes. These samples were stored in liquid nitrogen until IL-1 measurement.
Thymocyte-proliferating activity was taken as an index of IL-l activity in the hypothalamus. Cell suspensions of thymocytes were prepared by gently slacking the thymus from 5-6-week-old C3H/HeJ male mice. The cells were washed three times with RPM1 1640 supplemented with 10% FCS, 5 X 10m5 M 2-mercaptoethanol, and antibiotics after hemolysis with a mixed solution consisting of one volume of 0.083 N NH&I solution and nine volumes of Tris HCl buffer (pH 7.65). After the cells had been resuspended at a density of 5 X lo6 cells/ml, half were preincubated at 37°C with 5 pg/ml of IL-1Ra to block IL-I receptors for 2 hr. The cells were cultured in 96-well culture plates for 72 hr. The contents of each well consisted of 100 pl of thymocytesuspended culture medium in the presence or absence of 5 pg/ml of IL-lRa, 50 p,l of culture medium in the presence or absence of 0.2 pg of concanavalin A, and 50 pl of sample. Samples were added in duplicate. Cells were labeled with 3H-thymidine for the final 6 hr of incubation. The cells were then washed and harvested onto glass fiber discs using a semiautomatic cell harvester. 3H-thymidine incorporated into the cells was determined using a xylene-based liquid scintillator on a B-counter. The mean counts per minute (cpm) of the samples were compared to the responses obtained with a calibration curve (0, 1, 10, 10Z, lo', and lo4 pg/ml) using hrIL-1B as the standard.
In the presence of 1 kg/ml of concanavalin A, hrIL-1B stimulated proliferation of thymocytes in a dose-dependent manner, while the IL1Ra pretreatment significantly inhibited cell proliferation (Fig. 1A) . We considered the values, which were obtained by subtracting the 3H-thymidine incorporation levels in wells containing IL-1Ra from the levels in wells without IL-lRa, to represent pure proliferation effects due to the hrIL-1B. Figure 1B The proliferation of thymocytes treated with IL-1Ra was significantly inhibited (P < 0.05, n = 12-36). B, Relationship between the hrIL-1B concentrations and values obtained by subtracting the levels of 3H-thymidine incorporated into concanavalin Astimulated cells in wells containing IL-IRa from the levels in wells without IL-1Ra. The lower limit of detection for this assay was in the 8-12 pg/ml range. Circles and vertical bars represent means and SEM, respectively. Circles without bars indicate that the size of the circle is greater than the length of the bar. proliferation activity. The lower limit of detection for this assay was in the 8-12 pglml range.
Microdialysis. In order to administer agents directly into the hypothalamus where a microdialysis probe had been inserted, we used a microdialysis probe equipped with a microinjection tube (Shintani et al., 1993) . In order to facilitate estimation of differences in IS-induced monoamine responses between IL-1 Ra-treated and vehicle-treated sides of the anterior hypothalamus in the same rat, two guide shafts were placed in the bilateral anterior hypothalami.
Surgery was performed using a previously described method (Shintani et al., 1993) . Rats were anesthetized with an intraperitoneal injection of pentobarbital (30 mgl kg), and guide shafts were stereotaxically implanted in the left-and right-anterior hypothalami (1.5 mm posterior to the bregma, 4.5 mm lateral to the midline, 7.0 mm below the skull surface, at 25" of inclination for the vertical line, according to the atlas of Paxinos and Watson; Fig. 2A ). After the series of experiments had been completed, each probe position was histologically confirmed by a previously described method (Shiozawa et al., 1989) (Fig. 2B ). In brief, the rat was perfused with periodate-lysine-paraformaldehyde under anesthesia with diethyl ether, and the dissected brain was fixed overnight at 4°C in periodatelysine-paraformaldehyde.
After the tissue had been dehydrated in an a microdialysis probe equipped with a microinjection tube into both sides of the anterior hvoothalami. Rat brain was perfused with periodate-lysine-paraformaldehyde, followed by dissection. After the tissue had been embedded in paraffin, it was sliced at a 10 pm thickness and stained with hematoxylin and eosin. The bar indicates a length of 0.5 cm.
ascending series of alcohols, cleared in xylene, and embedded in paraffin, the sections were sliced at a 10 pm thickness and stained with hematoxylin and eosin. Animals in which the probes were incorrectly located were excluded from the analysis.
To allow adequate recovery time following surgery, rats were housed under the same conditions for 7-10 d. On the day before microdialysis was started, the microdialysis probe had been inserted through the guide shaft into the anterior hvpothalamus. The probe was filled with 0.45 pm membrane-filtered and degassed Hanks' solution (137 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl,, 0.8 mM MgSO,, 0.338 mM Na,HPO,, 0.4 mM KH,PO,. 5.6 mM glucose. 4.2 mu NaHCO,, pH 7.4). Each rat was i wI subsequently housed in an individual plastic cage-where the experiment was to be performed, to allow habituation to the setting for several hours. The Hanks' solution was then perfused through the probe at a velocity of 3 pl/min, and the dialysate was collected at 20 min intervals for more than 2 hr by a previously described method (Shintani et al., 1993 ).
At 60 min before the start of IS, IL-1Ra or vehicle was administered directly into each side of the anterior hypothalamus. The administered dose of IL-1Ra was 2 pg dissolved in 2 )*I of sterile Hanks' solution containing 0.1% BSA as a carrier protein. IL-1Ra was administered through the microinjection tube into one side of the anterior hypothalamus, or the same volume of vehicle was administered simultaneously to the contralateral side in the same rat. Administration was performed at a rate of 0.4 pllmin using a microinjection pump. IS was then performed without stopping the aforementioned sampling, and was continued for up to 6 hr. Each sample was immediately injected into an HPLC system.
In another series of experiments, IL-1Ra or vehicle was administered at 5 min before, or at 5 and 60 min after, the start of IS, and the levels of NE in the dialysate were determined using the HPLC system.
We excluded some data according to the criteria described below. Animals with basal levels of monoamines, in any experiment, twofold higher than the mean levels constituted less than 5% of the rats used and were excluded from further analysis. In addition, animals with basal levels below 50% of mean levels constituted less than 5% of the rats used and were also excluded. Moreover, the validity of the system was assessed by the depolarizing effect of 60 mM KC1 on monoamine release at the end of each experiment. Animals failing to respond to this test accounted for less than 20% of the rats used and were excluded from the analysis. The levels of monoamines were measured on both sides of the anterior hypothalami, and animals with significantly different basal releases on the left and the right side comprised less than 10% of the rats used. These animals were also excluded from further analysis.
HPLC analysis. The levels of NE, DA, 5-HT, MHPG, DOPAC, HVA, and 5-HIAA in the dialysate were determined using an HPLC system as described previously (Shintani et al., 1993) . The limit of detection was 0.5-l pg/lOO ~1. ACTH assay. In experiments involving measurement of plasma ACTH levels, polyethylene tubing for collecting blood was inserted into the jugular vein under pentobarbital (30 mg/kg) anesthesia administered by intraperitoneal injection, as described previously (Nakaki et al., 1981) . In order to administer agents directly into the bilateral hypothalami, 26 gauge needles were inserted into the bilateral anterior hypothalami by a previously described method (Shintani et al., 1993) , following insertion of the polyethylene tubing.
At 60 min before the initiation of IS, 1 ml of blood was collected through the polyethylene tubing from the jugular vein, while the rats were conscious but resting, on the day of the experiment. The blood was immediately placed in an ice-chilled, EDTA-containing glass tube. Each glass tube containing blood was gently shaken and centrifuged (3,000 rpm, 10 min, 4"C), and plasma was transferred to a plastic tube and stored at -20°C for subsequent determination of plasma ACTH levels by previously described methods (Shintani et al., 1993) . Immediately before the start of IS, 1 ml of blood had been collected again, followed by the subsequent collection of 1 ml of blood at 30, 60, 120, 240, and 360 min. The sedimented blood cells were resuspended with the same volume of sterile saline, and reinjected into the rats after each blood sampling. IL-1Ra was administered directly into both sides of the anterior hypothalami through 26 gauge needles at a velocity of 0.4 pJ min using the microinjection pump. The administered dose of IL-1Ra was 2 or 20 p,g dissolved in 2 p1 of sterile Hanks' solution containing 0.1% BSA as a carrier protein. Vehicle was administered to other rats in a manner similar to that used for IL-1Ra. Administration of IL-1Ra or vehicle was performed at several points, and a detailed description of the timing is given in the figure legends.
Data analysis. Results are presented as means ? SEM. Data were analyzed statistically using ANOVA. A p < 0.05 was considered significant.
Results
Effects of IS on levels of IL-1 activity in the hypothalamus After the start of IS, the levels of IL-l activity in the hypothalamus reached a maximum at 60 min, and remained significantly increased at 240 min (Fig. 3) . The IL-l activity gradually de- Time (min) Figure 3 . IL-l levels in rat hypothalami during IS. Rats were immobilized for periods of 30 min to 360 min by placing them in plastic restrainers. The IL-l levels in the supernatants of homogenates of the dissected rat hypothalami were determined using the standard curve shown in Figure 1B . One arbitrary unit on the ordinate is equivalent to 1 pg hrIL-l@ per 1 mg wet hypothalamic weight. For explanations of circles and vertical bars, see Figure 1 legend. IL-l activity was 2.4 + 0.3 pg/mg wet hypothalamic weight in the preimmobilized rat. *P < 0.05 versus zero time.
Effects of IL-1Ra on the IS-induced increase in monoamine levels in the hypothalamus We examined whether directly administered doses of IL-1Ra
were sufficient to inhibit the effects of IL-l using a previously described microdialysis method (Shintani et al., 1993) . We confirmed that 2 p,g of IL-1Ra was capable of inhibiting increases in the levels of NE caused by 1 ng of hrIL-1 B, when IL-1Ra had been preadministered directly into the anterior hypothalamus through the microinjection tube 60 min before the hrIL-1B was administered directly into the same region (Fig. 4) . Administration of IL-1Ra alone did not appear to change the basal release of NE in the anterior hypothalamus significantly (data not shown).
In order to assess the involvement of IL-l in IS-induced monoamine release responses, we determined the levels of NE, DA, 5-HT, and their metabolites in dialysate perfusing the ILlRa-treated side of the anterior hypothalamus and the contralatera1 vehicle-treated side of the anterior hypothalamus in an immobilized rat. On the side treated with vehicle; the levels of NE and DA increased and reached maxima, which were about three times higher than the basal levels, at 60 min after the start of IS and then gradually decreased to the baseline concentrations despite the continuance of IS (Fig. 5A,E) . On the other hand, the 5-HT levels immediately increased and reached a maximum about four times higher than the basal level during the initial 20 min of IS, and rapidly decreased thereafter and had reached levels only 1.5 times the baseline by 100 min (Fig. 5C ). The levels of MHPG, a metabolite of NE, also increased after the start of IS, and remained 3-4 times higher than baseline until 180 min after the start of IS, then gradually returned to baseline (Fig. 5B) . The levels of 5-HIAA, a metabolite of 5-HT, gradually increased to about two times higher than baseline and continued to increase for the duration of the stress (Fig. 5D) . The levels of DOPAC and HVA, metabolites of DA, increased and reached a maximum at 100 min after the start of IS and then gradually decreased (Fig. 5F,G) .
In the side treated with 2 p,g of IL-1Ra at 60 min prior to IS, the IS-induced increases in the aforementioned monoamine levels were significantly inhibited. Significant inhibition of increases in the levels of NE, 5-HT, and DA was observed during the period from 0 min to 360 min, 0 min to 60 min, and 0 min to 240 min, respectively, of IS (Fig. 5A,C,E) . Elevations of their metabolites, MHPG, 5-HIAA, DOPAC, and HVA, were also inhibited significantly from 60 min to 360 min, 80 min to 360 min, 40 min to 240 min, and 60 min to 180 min, respectively, after the start of IS (Fig. SB,D,F,G) . Despite the treatment with IL-lRa, significant increases in the levels of monoamines other than 5-HIAA were observed in comparison to the baseline levels during the early period of IS (Fig. 5A-G) .
In order to compare the responses of the left and right sides of the anterior hypothalamus to equal stimulation, the same amounts of IL-1Ra were administered directly into the opposite side of the anterior hypothalamus. We found no difference in responses between the left and right sides under conditions in which IL-1Ra had been injected (data not shown).
In order to assess the importance of timing on IL-1Ra effects, the same amounts of IL-1Ra were administered directly into the anterior hypothalamus at several points, and the levels of NE in the dialysate perfusing the treated region were determined. A significant inhibitory effect of IL-1Ra on increased NE levels was still observed when IL-lRa, in the same amount, was administered directly into the anterior hypothalamus at 5 min before the start of IS (Fig. 6A) . However, when the same amount of IL-1Ra was administered at 5 min (Fig. 6B ) or 60 min (Fig.  6C ) after the start of IS, IL-1Ra did not inhibit the IS-induced elevation of hypothalamic NE levels.
Effects of IL-IRa on IS-induced elevation of plasma ACTH levels We examined whether preadministration of IL-1Ra inhibited ISinduced elevation of plasma ACTH levels. The basal plasma levels of ACTH were 48 k 8 pg/ml (n = 80). Before IS was started, no significant changes in basal plasma ACTH due to blood sampling or replacement were observed (Fig. 7C,D) . When vehicle was administered directly into the bilateral anterior hypothalami, the plasma ACTH levels increased slightly just in response to the manipulation necessary for administration (Fig. 7A,B) . After the start of IS, the plasma ACTH levels significantly increased peaking at a level about 20 times higher than the basal levels, and thereafter rapidly decreased, reaching baseline by 360 min. When 2 pg of IL-1Ra was administered directly into the bilateral anterior hypothalami at 60 min before the start of IS, the IS-induced elevation of plasma ACTH levels was significantly inhibited during the period from 30 min to 120 min (Fig. 7A) . When 20 pg of IL-1Ra was administered at 60 min before the start of IS, the same significant inhibition as that produced by 2 p,g of IL-1Ra was observed (Fig. 7A) . Two micrograms of IL-1Ra apparently elicited a maximal inhibitory effect on IS-induced ACTH secretion, since 2 pg of IL-1Ra did not elicit weaker inhibitory effects than 20 p,g of the antagonist. We also examined the importance of the timing of the IL-1Ra effect on IS-induced increases in plasma ACTH levels. The significant inhibitory effect of IL-1Ra on the increase in plasma ACTH was unchanged in animals to which 2 pg of IL-1Ra had been administered at 5 min before the start of IS (Fig. 7B) . However, when the same amount of IL-1Ra was administered at 5 min or 30 min after the start of IS, IL-1Ra did not exert significant inhibitory effects (Fig. 7C,D) . Moreover, when a large dose of IL-1Ra (20 p,g) was administered at 5 min after the start of IS, no significant inhibitory effects were observed (Fig. 7C) .
Discussion
In the present study, we found that IS enhanced the levels of IL-1 bioactivity in the rat hypothalamus, and that the IS-induced increases in hypothalamic monoamines and plasma ACTH were inhibited by pretreatment with IL-1Ra. In addition, inhibitory effects of IL-1Ra were observed when IL-1Ra had been administered immediately before the start of IS, but not immediately after the IS. Using a microdialysis technique, we previously demonstrated that 1 ng of hrIL-ll3, administered directly into the rat anterior hypothalamus, increased the levels of NE, DA, 5-HT, and their metabolites in the anterior hypothalamus (Shintani et al., 1993) . On the other hand, it has been shown that IL-l effects on the hypothalamus include increased secretion of CRH (Berkenbosch et al., 1987; Sapolsky et al., 1987) and activation of the HPA axis (Barbanel et al., 1990; Besedovsky et al., 1991) . In light of our previous findings and those of other investigators, we proposed that both the elevation of monoamine release and activation of the HPA axis, which are induced by a stress load such as IS, are due to the effects of hypothalamic IL-l (Shintani et al., 1993) .
There are some reports indicating that glial cells produce IL-1 (Giulian and Tapscott, 1988) . On the other hand, IL-ll3 immunoreactivity has been reported within neuronal fibers of the human brain (Breder et al., 1988) . Recent reports have shown that IL-l is present in neurons in the normal rat brain (Lechan et al., 1990) . However, no essential role of IL-1 in neurons has been demonstrated (Dinarello and Wolff, 1993) . Our results also suggest that IL-l is detectable in the normal brain (Fig. 3) . Whether or not IL-l is able to cross the blood-brain barrier is controversial (Dinarello, 1991; Rothwell, 1991; Banks and Kastin, 1992) . The circulating concentrations of biologically active IL-l are usually low (<40 pg/ml) (Dinarello and Wolff, 1993) , even during the acute phase inflammatory response (<300 pg/ml) (Rothwell, 1991) . Since our data show that the basal level of IL-l in the hypothalamus is about 2 pg/mg wet hypothalamus (approximate 2 rig/ml) and that the concentration is lOO-fold higher than that of plasma, it seems unlikely that accumulation of peripheral IL-l, if any, can reach such a high concentration in the hypothalamus. Therefore, it is more likely that hypothalamic IL-l originates from the central nervous systems. However, because we determined the IL-l activity in tissue homogenates, it is unclear whether the detected IL-l was derived from a storage site in the neurons. A recent report using an ultrasensitive, highly specific, enzyme-amplified immunometric assay showed that IL-l concentrations higher than about 15 pg are present in the normal rat hypothalamus (Hillhouse and Mosley, 1993) . Since tissue homogenates could contain pro-IL-l, and pro-IL-l has also been reported to be biologically active (Rosenwasser et al., 1986; Jobling et al., 1988) , measurement of IL-l in tissue homogenates using the bioassay may demonstrate levels higher than those determined using the ultrasensitive, highly specific immunometric assay. Minami et al. (1991) reported that IS induced IL-ll3 mRNA in the rat hypothalamus at 30 min after the start of IS, which reached a maximum at 60 min and was still detectable, though at a decreased level, up to 120 min. The cell responsible for inducing IL-1 p mRNA with stimulation of the IS has not been identified. Our results are consistent with previous findings in regard to the time course (Fig. 3) . It may be reasonable to consider the possible contribution of endogenous IL-1Ra to the IL-l bioassay system, since the IL-1Ra is also present in normal brain (Licinio et al., 1991) , is made by the same cells that make IL-l (Arend et al., 1985) , binds preferentially to type I IL-l receptors, and blocks IL-l effects (Eisenberg et al., 1990; Dinarello, 1991; Dinarello and Wolff, 1993) . As it has been suggested that IL1Ra acts endogenously on the brain as a protective agent (Relton and Rothwell, 1992) , there is a possibility that IL-1Ra is produced in the hypothalamus of the immobilized rat, synergistically, along with the production of IL-l. If this is the case, the IL-l count could be underestimated by the bioassay. However, irrespective of the production of endogenous IL-lRa, the important point is that the levels of IL-l activity are enhanced by IS in the hypothalamus.
In order to assess whether elevated IL-l activity plays a role in stress responses, we administered IL-1Ra directly into the rat hypothalamus to block the effects of IL-l. Moreover, in order to exclude different responses due to IS among individuals, we compared the levels of monoamines between the side of the hypothalamus treated with IL-1Ra and the contralateral side treated with vehicle in the same rat. To determine whether the administered doses of IL-1Ra inhibited the IL-l effects in the hypothalamus, the microdialysis experiments were carried out by taking the hrIL-1 B-activated NE release as an index of IL-l effects. Since the administered doses of IL-1Ra were sufficient to inhibit elevated release of NE elicited by 1 ng of hrIL-1B (Fig. 4) , and the calculated IL-l in response to IS was lower than 1 ng, we speculate that 2 pg of IL-1 Ra completely inhibited the monoamine-releasing effects of IL-l in the hypothalamus.
As it aas been reported that brain injury due to insertion of the microdialysis probe induces IL-l production for periods of 24-48 hr (Woodroofe et al., 1991) we may have to take into considemtion the possibility that IL-l induced by the probe injury enhanced the release of NE. However, IL-1Ra administered by itself did not affect the basal release of NE in the anterior hypothalamus. Since the series of microdialysis experiments was completed within 24 hr of probe insertion, even if the probe injury had elicited IL-1 production over this 24 hr period, we consider any effect on the release of monoamine during the periods of experiments to be highly unlikely.
Using a microdialysis method, Pacak et al. (1992) indicated that exposure of rats to IS ir,r 120 min increased NE levels to about six times the basal level5 in the paraventricular nucleus of the hypothalamus. They also showed that dialysate DOPAC levels in the same region increased auring IS. Shimizu et al. (1992) , using a microdialysis technique, reported that IS rapidly increased the levels of 5-HT in the lateral hypothalamic area, and that the levels reached a maximum after 40 min of IS exposure. This maximum was about three times the basal level. We have also employed microdialysis to show that IS enhanced the levels of NE, DA, 5-HT, and their metabolites (Fig. 5A-G) . These results are consistent with those of previous investigators. In addition, our results on the IS-induced elevation of plasma ACTH are consistent with the established concept that there is a rapid and marked increase in plasma ACTH levels followed by a decline toward normal values despite the continuance of IS (Fig.  7A-D) (Yates and Maran, 1980; Makara et al., 1983) . Since the magnitudes of responses induced by IS in rats which had been operated were within the same range as those of intact animals (Kvetnansky et al., 1976) , we assume that damage due to the surgery was minimal and did not affect the responses.
The IS-induced elevations of hypothalamic NE, DA, and 5-HT levels, as well as plasma ACTH levels, were significantly inhibited by IL-1 Ra directly preadministered into the hypothalamus (Figs. 5A-G, 7A) . These results are consistent with the view that stress responses, including the elevation of both monoamine release and ACTH secretion, are elicited by the effects of hypothalamic IL-1. Since intracerebral infusion of IL-1 B near the paraventricular nucleus enhances CRH release no later than 5 min after infusion (Barbanel et al., 1990) we speculate that the elevated, ACTH secretion may be due to increased CRH secretion in the hypothalamus stimulated by elevated hypothalamic IL-l. However, as it has been reported that IL-1 directly enhanced the secretion of ACTH from the pituitary gland (Bernton et al., 1987) , the possibility remains that IL-l produced in the hypothalamus directly affected the pituitary gland to increase ACTH secretion. In any event, it should be emphasized that the IS-induced increases in plasma ACTH levels were inhibited by administration of IL-1 Ra into the hypothalamus.
The anterior hypothalamus is close to both the paraventricular nucleus and the median eminence, which contain the cells of origin and terminals of hypophysiotropic projections driving the pituitary-adrenal system. Since the precise site of the inhibitory effects of IL-1Ra could not be determined, we postulate that neurons located close to both sites were involved in the effects of IL-1Ra in the stress responses. The insertion of an incorrectly positioned probe, missing the targeted anterior hypothalamic area by not more than 1 mm laterally, caudally, or dorsally, failed to produce the effects of IL-1Ra (data not shown). We assume, therefore, that a narrow, very limited, area in the hypothalamus might be involved in stress responses.
The inhibitory effects of IL-1Ra on the IS-induced elevation of monoamine release and ACTH secretion were observed for the initial 20-30 min of IS (Figs. 5A-G, 7A), whereas no significant increase in IL-l activity was detected during the same period (Fig. 3) . The possibility remains that IL-l enhanced hypothalamic release of monoamines and/or hormones at levels lower than those detected during earlier periods of IS. Therefore, we could not rule out the possibility that IL-l increased locally causing hypothalamic neurons to release these substances. If so, there are two explanations: (1) induction of IL-1 based on translation from IL-l mRNA occurred within the initial 20 min of IS; (2) immediate release of IL-l from neurons.
To demonstrate whether early actuation of IL-l effects is the mechanism underlying the observed IS-induced responses, IL1Ra was administered immediately before or after the start of IS. Whereas 2 kg of IL-lRa, which had been administered at 5 min before the start of IS, inhibited the elevation of monoamine or ACTH, the same dose of IL-1 Ra did not inhibit the elevations at approximately the time when the monoamine or ACTH levels had peaked, even at 5 min after the start of IS (Figs. 6A-C, 7B-D). These results suggest that the IL-l effects responsible for monoamine release and ACTH secretion have been completed no later than 5 min after the start of IS. Furthermore, these results strongly suggest that IL-l, which has been found to preexist in the neurons, was promptly released by the IS, because there is no evidence from any cell type studied that IL-l can be synthesized in 5 min or less.
Since the increased levels of hypothalamic NE and plasma ACTH were still observed from 60 min to 240 min after the initiation of IS, it is suggested that the initial release of IL-l triggers sustained release of these monoamines and/or hormones. However, this raises two questions: (1) Why are maximal levels of IL-l delayed irrespective of early exertion of its effects? (2) How is IL-l produced from 60 min to 240 min after the start of IS involved in the stress response? The former observation may be explained by the possibility that early local release of IL-l enhances induction of its own synthesis in the hypothalamus during the late periods, since IL-l can elicit its own synthesis in the brain (Spranger et al., 1990) . The latter observation may be attributable to the IL-I which has been produced playing roles in strengthening stress responses triggered by released IL-1. In the previous report, however, we found that hrIL-1 B triggers the continuous release of NE and DA from neurons in the rat hypothalamus. If IL-l naturally exerted an enhancing effect on the release of these catecholamines, one of the most interesting points focuses on why elevated monoamines or hormones are restored to the baseline level despite the effects of IL-1. We speculate that any events attenuating stress responses are involved in this restoration, and that the IL-1 which had been produced may be involved in such a negative feedback mechanism.
In addition, increases in hypothalamic monoamines occurred despite preadministration of IL-1Ra (Fig. 5A-G) . There are two possible explanations: (1) doses of IL-1Ra may be insufficient to inhibit elevations; (2) there are some neurons which can be activated by IS even without IL-1 regulation. The first possibility could not be tested because of technical difficulties in measuring the monoamines when a larger dose of IL-1 Ra was administered through the microinjection tube. But, if true, this would indicate that all hypothalamic neurons participating in IS-induced monoamine release are regulated by IL-l. The increase in plasma ACTH observed despite preadministration of a larger dose (20 pg) of IL-1Ra (Fig. 7A) suggests that some neurons are activated by IS through the effects of factors other than IL-l. Other investigators also suggest that the mechanism of action of IL-1 B on CRH mRNA appears to be distinct from that which is activated in response to an acute stress (Chover-Gonzalez et al., 1993) . Therefore, we speculate that factors other than IL-l are involved in stress responses.
Although the hypothalamus is the major site of IL-l action in the brain, whether IL-l receptors are present in the hypothalamus remains controversial. Autoradiographic studies using radiolabeled IL-l revealed specific binding sites (Katsuura et al., 1988; Takao et al., 1990 ), but such studies do not necessarily prove the presence of receptors in the brain (Ban et al., 1991) . Inconsistencies between the results of ligand binding studies and immunohistochemical data have been reported for many peptides (Farrar et al., 1987; Herkenham, 1987) . Rothwell (1991) claimed that polymerase chain reaction analysis fails to detect mRNA for the type I receptor in the rat hypothalamus. On the other hand, many in vitro experiments using hypothalamus explants have demonstrated the direct actions of monoamines and CRH (Berkenbosch et al., 1987; Sapolsky et al., 1987; Shintani et al., 1993) . These findings provide a line of evidence for the existence of IL-l receptors on hypothalamic neurons. When all members of the cytokine family and their receptors have been cloned, this apparent discrepancy might be resolved (Saper and Breder, 1992) . Therefore, it is possible that the effects of IL-l are mediated through an as yet unidentified type of IL-l receptor in the hypothalamus.
Furthermore, it remains to be clarified whether the effect of hypothalamic IL-l is directly related to peripheral stress responses including behavioral and physical changes. However, some portion of the peripheral changes occurring due to the central effects of IL-l may be explained by neurohormonal responses caused by CRH oversecretion. Central injection of a CRH receptor antagonist or neutralizing antibody markedly inhibits IL-l-induced suppression of food intake (Uehara et al., 1989) and specific changes in behavior (Dunn et al., 1991) , which resemble general stress responses (Uehara et al., 1989; Dunn et al., 1991; Johnson et al., 1992) .
In summary, the results of this study suggest that stress-induced release of IL-I enhances the HPA axis as well as monoamine release in the hypothalamus. IL-l may be a regulator of stress responses, including behavioral, endocrine, and autonomic components, and the blockade of IL-l effects is potentially beneficial for protection from excessive stress responses.
